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Fate, mobility and toxic ity of Zno 
nanoparticles in water 
Ujjwal Shrestha, Li Shu, Veeriah Jegatheesan and Takuya Tsuzuki 
1. INTRODUCTION 
The nanotechnology sector has been flourishing rapidly in recent years, which has resulted 
in wider use of nanoparticles in commercial goods and industrial processes. Although 
research and development of nanomaterials and nanotechnology are relatively recent, some 
nanomaterials such as gold (Au) and Silver (Ag) were being used from the lQth century as 
coloured pigments in stained glass and ceramics (Dowling, 2004) . At present time, the 
nanotechnology market has been expected to reach US$ 1 trillion by 2015 (Aitken, 2006). 
The nanotechnology can bring a new industrial revolution but future technological and 
scientific development to be brought along by development and applications of 
nanotechnology cannot be separated from health and environmental matters. Moreover, 
wider social, ethical and cultural concerns are other important issues which cannot be 
ignored (Murphy et al., 2011). 
1.1. Nano sized materials 
Nanotechnology involves the utilization of nano-sized materials. According to Baalousha 
et al. (2011) citing the "BSI (2007): Terminology for nanomaterials", nanoscale refers to the 
size ranging from 1 to 100 nm whereas a material / particle having one or more external 
dimensions in nanoscale is termed as nano-object. Similarly, a material which is either 
nanostructured or having one or more external dimensions in nanoscale is considered as 
nanomaterial whereas material / particle with all dimensions in nanoscale are termed as 
nanoparticle. A material / particle which has a structure consisting of continuous elements 
with one or more dimension in the nanoscale is termed as nanostructured (Baalousha et 
al., 2011). 
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1.2. Types of nanoparticles 
Chemical composition is the main basis of the classification of nanoparticles and additional 
basis are size or morphological characteristics (Joner et al., 2008). Table 1 shows the types 
of nanoparticles that are used in various applications. 
Table 1: Types of nanoparticles (Baalousha et al., 2011; Joner et al., 2008) 
l. Carbon based nanoparticles 
a. Fullerenes c60 (molecules with 60 atoms of carbon) and with a 
larger number of carbon atoms which are c70' c76' 
c78' and cso 
b. Carbon nanotubes (CNTs) 
2. Metal nanoparticles Silver (Ag), Gold (Au), Zero-valent iron 
3. Metal Oxides Titanium dioxide (Ti02), Ferrous oxides, Zinc oxide (ZnO), Cerium dioxide (CeO) 
4. Complex compounds (alloys, composites, nanofluids etc., consisting of two 
or more elements) Cobalt-zinc iron oxide 
5. Quantum dots cadmium-selenide (CdSe) 
6. Organic polymers dendrimers, polystyrene 
1.3. Advantageous uses of nanoparticles 
The efficiency of manufacturing and energy related applications can be improved through 
the usage of nanomaterials which subsequently can result in major savings of resources 
(Rickerby & Morrison 2007). Nanoparticles are used extensively in many consumer products 
like paints and sunscreen. Similarly, other applications in which nanoparticles were used 
are cosmetics, stain-resistant coatings, self-cleaning glass, industrial lubricants, advanced 
tyres and semiconductors as well as drug delivery, gene therapy etc. in the health sector. 
Furthermore, bioremediation of contaminated environment is another place where 
nanoparticles are used. Nanoparticles are also being used in pharmaceutical, electronic 
and other industrial processes (Aitken, 2006). Table 2 summarises various use of 
nanoparticles in different sectors. 
1.4. Uses of nanoparticles in water and wastewater treatment 
The properties such as large surface area to volume ratio, enhanced catalytic properties, 
antimicrobial properties, self-assembly on surfaces, high conductivity and fluorescence 
are some of the desirable properties of nanoparticles which can be utilized in water treatment 
and reuse (Brame et al., 2011 ). Detection and removal of chemical and biological substances 
294 I Solutions to Environmental Challenges through Innovations in Research 
Table 2: Uses of nanoparticles (Joner et al., 2008) 
Sector Utilization 
' I 
1. Energy production, catalysis, storage 
.._I, 
' 
2. Materials lubricants, abrasives, paints, tires, sports ware 
' 
3. Electronics chips, screens ~, 
4. Environmental remediation pollution absorption, water filtering, disinfect)(;' 
5. Food additives, packaging 
6. Health diagnostics, drug delivery I I, 
7. Cosmetics skin lotions and sun screens 11 
including metals, nutrients, organic substances, microorganisms and antibiotics are some 
of the applications of nanomaterials in water and wastewater treatment. Among ,·ariou~ 
classes of nanomaterials, four classes namely metal-containing nanoparticles, carbonaceous 
nanomaterials, zeolites and dendrimers are being considered useful in water and 
wastewater treatment processes (Tiwari et al., 2008). 
1.5. Environmental and health hazards 
Even though the application of nanotechnology in various sectors including health and 
environmental sectors has brought positive impacts, the usage of nanotechnology in those 
sectors may also bring health hazards through the contact with manufactured nanomaterials 
that are present in air or water through accidental releases (Ashby et al., 2009). Following 
characteristics of nanoparticles are recommended to be determined before moving to the 
study of potentially harmful hazards of the nanoparticles (Warheit et al., 2008): 
-,. Particle size distribution in wet state 
'Y surface area in dry state 
'? Crystal structure 
-Y Agglomerating properties in pertinent media 
-Y Composition/ surface coatings 
-,. Surface reactivity 
, Method of synthesis and/ or preparation 
'Y Sample purity 
The comparatively large surface area of the nanoparticles gives rise to a state where the 
proportion of atoms on the surface is increased in comparison to those inside of the surface 
resulting in particles becoming more reactive. This increased reactivity can cause biologically 
toxic effects. But application of surface coating can be used to modify the surface properties 
to reduce effects of surface reactivity (Warheit et al., 2008). 
Fate, mobility and toxicity of ZnO nanoparticles in water I 295 
The characteristics and properties of nano-sized materials are highly dependent on quantum 
effects at the level of nano-size and are quite noticeably different than the conventional 
forms (Aitken, 2006). The size of nanoparticles is quite smaller than the bulk size of the 
same material and it may be possible that this small size is toxic to living organisms. 
Similarly, biodegradability is another important factor to be considered in relation to toxicity. 
Evolutions of biological systems have occurred in the absence of these manufactured 
nanoparticles and hence the effects of release of nanomaterials into the environment might 
be very hazardous. Injurious oxyradicals may be produced by the virtue of large surface 
area to the volume of nanoparticles, which can affect DNA, proteins and membranes and 
cause injury to cells (Moore, 2006). Transport of hazardous metals and persistent organic 
pollutants into sites where they cannot reach normally can be assisted by nanoparticles 
through their association with nanoparticles (Moore, 2006; Reijnders, 2006). 
Persistent nanoparticles can be toxic if inhaled. Moreover, deposition and accumulation of 
nanoparticles in pulmonary region can occur with substantial efficiency. Subsequently the 
inhalation can trigger or exacerbate various lung related diseases. Similarly, dermal 
exposure might also be toxic. Ingested nanoparticles can lead to various health hazards 
through possible deposition in liver, spleen and kidneys (Reijnders, 2006). 
1.6. Fate, mobility and toxicity of nanoparticles in water and wastewater 
With the increase in the use of nanomaterials related goods and processes, the release and 
discharge of these materials into environment has also increased. With growing trends of 
usage of commercial nanoparticles, the probability of nanoparticles reaching the natural 
water also has increased and it might become the main exposure route to humans 
through drinking water. The efficiency of water treatment processes will determine 
the fate of the nanoparticle and there is a need for research in this area to better 
understand the fate of nanoparticles (Zhang et al., 2008). Similarly the efficacy of the 
wastewater treatment processes is the major determinant of release of nanoparticles 
into natural waters. 
Although the fate and effect of the parent element of the nanomaterials are more or less 
known, the fate and effects of the actual nanomaterials and nanoparticles has not been 
studied in detail. There are various nanoparticles being utilised and different studies for 
fate, mobility and toxicity have been concentrated on different types of nanoparticles. 
Different nanoparticles have different behaviour and mobility in water and wastewater as 
Well as treatment processes. This study is concentrated mainly on zinc oxide nanoparticles 
(ZnO NPs) and aims to investigate the fate and mobility of these nanoparticles. Also, the 
toxicity of these nanoparticles to the biomass in wastewater treatment is discussed through 
the review of available literature. The overall objective of this study is to investigate the 
fate and mobility of ZnO nanoparticles in relation to water and wastewater by considering 
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the effect of different ionic strengths as well as the mobility in porous media through column 
filtration. 
2. SIGNIFICANCE OF THE STUDY 
Lately it has been realized that the release of the nanoparticles may cause e1n-ironmental 
degradation. The knowledge of the fate, mobility and toxicity of the nanoparticles in the 
water and wastewater would be significantly useful for the evaluation of the ad\'€:'rse effects 
of the disposal of the nanoparticles into the environment. 
Among the various future research needs as put forward by Joner et al. (2008), the following 
are related to water and wastewater: 
• Research related to engineered nanoparticles (ENP) characterization for creating 
standardized requirements and methods of characterization. Among them, 
characterization of nanoparticles in water is an important aspect to be considered. 
• Mobility in water, wastewater & adsorption and desorption in water \\·ith respect 
to organic, mineral and biological constituents. 
• Research related to inventories of production volumes, use and waste streams for 
determining measures to minimise the environmental release. 
• Research related to eco-toxicity to the aquatic organisms and animals. 
• Establishment of new standard for the environmental risk assessment related to 
nanoparticles. 
Organisation for Economic Co-operation and Development (OECD) is an international 
organisation with 34 countries around the world as its members. The principle aim of the 
OECD is intended on the improvement of the economic and social wellbeing of the people 
of the world through endorsement of suitable policies and international cooperation. Apart 
from the other aspects, it also focuses on advantages and possible adversities related to 
technological and commercial advancements. One such activity is the promotion of the 
study of the nanomaterials regarding health and safety aspects of humans as well as 
environment (OECD, 2011). OECD's Working Party on Manufactured Nanomaterials 
(WPMN) is the platform for promotion of the safety testing and risk assessment of 
manufactured nanomaterials. WPMN has selected thirteen (13) nanomaterials based on 
the volume of production, availability for testing purpose as well as the knowledge and 
availability of information. As ZnO is also among those priority nanomaterials on the list 
of the WPMN of OECD (Environment Directorate: OECD, 2010) , the significance of the 
study with these materials is quite justified. 
OECD being an international organisation, the studies on the chosen nanomaterials would 
be carried out at different countries which are members as well as other non-member 
countries which are cooperating with OECD on these issues. The WPMN of the OECD has 
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categorised the study on the nanomaterials into physical-chemical properties and material 
characterization, environmental fate, environmental toxicity and mammalian toxicity and 
material safety. The study described in this chapter focuses on aggregation/stability in 
water, fate in porous media and toxicity which are also prioritized by WPMN under different 
categories mentioned above (Environment Directorate: OECD, 2010) and ZnO nanoparticles 
is one of the nanomaterials co-sponsored by Australia for WPMN (WPMN /OECD, 2012). 
This study concentrates only on few aspects of the fate, mobility and toxicity of ZnO 
nanoparticles but the outcomes reported in this chapter will be useful for further studies 
or comparison with the fate, mobility and toxicity of ZnO nanoparticles under different 
circumstances. 
3. FACTOR AFFECTING THE FATE AND MOBILITY OF ZNO NANOPARTICLES 
3.1. Effect of ionic strength on the aggregation and mobility of ZnO nanoparticles 
The influences of the physicochemical properties such as size and aggregation have major 
effects on the fate and mobility of the engineered nanoparticles in aquatic environment. 
Moreover, those effects will vary according to the properties of different aquatic systems. 
The aquatic chemistry along with the surface properties of nanoparticles can cause either 
aggregation or breakup of the aggregates (Weinberg et al., 2011). The aggregation or 
stabilisation and mobility of the engineered nanoparticle will depend on the properties of 
nanoparticles as well as the properties of aquatic environments such as pH, ionic strength, 
and the presence and properties of organic substances (Lin et al., 2010). 
Ionic strength affects the stability of the metal nanoparticles highly in aqueous conditions. 
Study by Bian et al. (2011) found that the stability of ZnO nanoparticles are higher at lower 
ionic strengths as the repulsive force between ZnO nanoparticles are higher at those ionic 
strengths. The study was conducted with solutions of varying molar concentration; sodium 
chloride (NaCl) was used to vary the molar concentration. The pH of the solution was kept 
at circumneutral or 7. The sedimentation study showed that the sedimentation of ZnO 
increased with the increase in ionic strength. This outcome showed that increase in ionic 
strength induces the increase in aggregation and subsequently the settlement of ZnO 
particles. The study also found that increase in ionic strength will cause increase in zeta 
potential of ZnO particles. When Derjaguin-Landau-Verway- Overbeek (DLVO) theory 
was utilized to calculate the repulsive energy, it was found that the interactions between 
nanoparticles were quite repulsive at lower ionic strengths. But as the ionic strength was 
increased, the particles became unstable. At higher ionic strengths, compression of electric 
double-layer (EDL) will occur which will cause the repulsive force to decrease resulting in 
th~ decrease in net repulsive energy barrier between ZnO particles (Bian et al., 2011 ). This 
Will allow ZnO particles to agglomerate. 
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Similarly, in another experiment conducted by Rupasinghe (2011), it was found that highn 
ionic strength would cause higher rate of sedimentation because of the aggregation. Furthl·r 
the addition of citric acid imparted stability to the ZnO nanoparticles as the sedimentatior 
study showed that the sedimentation to increase with the decrease in the concentration n: 
citric acid. The concentration of 5 mM citric acid showed very less sedimentation anti 
produced stable solution (Rupasinghe 2011). 
When quartz sand was used in a column filtration experiment for ZnO nanoparticles, tht 
results demonstrated flat breakthrough curves at lower ionic strengths and ripening at 
higher ionic strengths (Jiang et al., 2012). Another experiment by Ben-Moshe et al. (2010 1 
showed that among the four nanoparticles (Fe30 ~, Ti02, CuO, and ZnO), ZnO nanoparticle, 
were least mobile with only 1.4% present in the effluent. However, they stated that the 
mobility can be affected by experimental conditions as well as the method of preparation 
of nanoparticles. With the increase in ionic strength, decrease in the percentage ot 
nanoparticles exiting the column was noticed for all nanoparticles. The experiment also 
observed that the increase in the percentage of nanoparticles exiting the column was highest 
for ZnO with the addition of the humic acid (Ben-Moshe et al., 2010). 
Petosa et al. (2012) through their study concluded that when bare ZnO and TiO: 
nanoparticles (which are not coated with polymer) would be less mobile when released 
into aquatic environment due to their aggregating properties. Hence these may be effectively 
removed by treatment procedures like slow sand filtration or riverbank filtration. But 
polymer coated or functionalized nanoparticles may show higher mobility than bare 
nanoparticles (Petosa et al. 2012). 
From the review of above studies, it can be concluded that the ionic strength can greatly 
affect the aggregation as well as the mobility of nanoparticles; and mobility and fate would 
be different for different nanoparticles. 
3.2. Classical Derjaguin-Landau-Verway- Overbeek (DLVO) theory 
Classical Derjaguin-Landau-Verway- Overbeek (DLVO) theory can be utilized to find 
the total interaction energy to analyse the behaviour of nanoparticles. Potential energies of 
metal nanoparticles can be calculated using this DLVO theory. 
DL VO theory states that the nanoparticles are acted upon by two forces which are 
electrostatic repulsive forces and van der Waals attractive forces. When two colloidal 
particles approach each other, electric double layer force which is a long range force would 
result from the overlap of the diffused layers of two colloidal particles which is repulsive 
in nature. This force will give rise to the repulsive double layer energy known as electrostatic 
repulsive energy. Spontaneous electrical and magnetic polarization is caused when particles 
move close to each other and causes a fluctuating electromagnetic field within the media 
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and in the gap between particles, and this will give rise to the attractive force which is 
denoted as van der Waals force. This van der Waals force causes the attractive van der 
Waals energy (Baalousha et al.,2011). 
If the particles are assumed to be spherical, then the electrical double layer potential energy, 
E,az can be calculated by following formula (Ben-Moshe et al., 2010): 
Where 
E 64 rrur)<. 2 T2 a 2 t h2 (ze1/J) exp(-1ed) 
ed! = e2 z2 X an 4kT X 2a+d 
E =dielectric constant of the water 
z0 = Permittit;•ity of the vacumm 
k =Boltzmann constant 
T = absolute temperature 
a= particle radius 
e =charge of an electron 
z =charge nu1nber 
t/J =surf ace potential of the particles 
K = inverse debye length 
d = separation dista.:nce between two particles 
The inverse Debye length is given by 
Where NA= Avogadro's number 
I = 1 onic strength 
(1) 
(2) 
\tmilarly, van der Waals potential energy, Evdw can be calculated by the following formula 
,Brn-Moshe et al., 2010); 
£.. . _ A [ 2a2 2a2 l d(4a+d)] 
• rd•.1 - - - + + n --'----'-
6 d(4a+a) (2a+d) 2 (2a+d) 2 (3) 
~·here A:: Hamakerconstant for particle - water - particle interface. 
~e summation of electrical double layer potential energy and van der Waals potential 
WilVrgy gives the total potential energy. 
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Parameters such as ion type and concentration, particle size and particle surface cha 
and zeta potential will affect the colloidal stability. Increase in ionic strength will resuJ~ 
decrease in double layer repulsive force because of the decrease in diffuse layer thickn~ 
Similarly, polyvalent electrolytes will cause higher reduction in the diffuse layer thickness 
in comparison to monovalent electrolytes and will subsequently cause greater aggregation 
Generally, attractive as well as repulsive forces are proportional to particle size and increase 
in particle size will result in the increase in electrostatic stability. Zeta potential is also 
important parameter in determining the stability of colloids. Electrostatic repulsive force 
is proportional to the square of zeta potential which means that increase in zeta potential 
will cause a higher colloidal stability. 
3.3. Surface forces involved during deep bed filtration 
The suspended particles passing through the filter column should be attached to the surface 
of collectors (filter grains) for their removal. Surface forces which are active during the 
filtration can affect the particle attachment to a collector (Jegatheesan & Vigneswaran 2005). 
The surface forces involved during deep bed filtration can be divided into two groups. The 
long range forces consisting of London-van der Waals force which is attractive and electric 
double layer force which can be either attractive or repulsive. A particle can be influenced 
by long range forces even at a separation distance of 100 nm from a collector. The short 
range force consists of born repulsive force which is repulsive as denoted by its name and 
hydration force which is also repulsive. A particle can be influenced by short range forces 
at a separation distance of up to 5 nm from the surface of a collector (Jegatheesan, 1999). 
London-van der Waals force, Fv: The temporary asymmetrical distribution of electrons 
around atomic nuclei generates instantaneous dipole moments which gives rise to the 
London-van der Waals force (Jegatheesan & Vigneswaran 2005) and it is calculated from 
the following formula (Jegatheesan, 1999): 
Fl)= (A) a . -; (- - 1) Qu, d 
Where 
A = Hamaker constantt far particle - water - particle interface 
d =Separation distance between a particle and the surf ace of a collector 
a = radius of a particle 
(4) 
Electric double layer force, Fe: When solid materials are placed in aqueous environment, 
because of the preferential adsorption of the ions or dissociation of the surface groups they 
develop surface charges. Balancing of this surface charge by counter charged ions present 
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in solution causes electrical double layer (or diffuse layer) which gives rise to the electrical 
double layer force (Jegatheesan & Vigneswaran 2005). It can be calculated from following 
formula given by equation (5) (Jegatheesan, 1999); 
Fe = -64naEK (kT)
2 
tanh (ze1/J1 ) tanh (ze1/J2 ) exp(-Kd) 
ze 4kT 4kT 
Where E = permittivity a f the medium 
4'1,4J2 =Surface potential of particle and flat plate 
(Jilter grain)respectively 
(5) 
Zeta potential of the particle and collector can be used in place of surface potentials while 
calculating the electric double layer force. 
Born repulsive force, FB: When electron clouds of the atoms overlap, a strong repulsive 
force will occur and this force is termed as born repulsive force (Jegatheesan& Vigneswaran 
2005). It can be calculated from following formula (Jegatheesan, 1999): 
Where 
-Aau6 F B = -1 B_O_d_8 
a =collision diameter 
(6) 
Hydration force, Fh: Hydration force is the outcome of the disruption or change in order of 
liquid molecules when a second surface approaches can be calculated from following 
formula (Jegatheesan, 1999): 
Where K1 = empirical constant 
h = empirical constant 
3.4. Collector Efficiency 
(7) 
The product of attachment (collision) efficiency (a) and the single-collector (filter grain) 
contact efficiency (rt0} is the actual single-collector removal efficiency which is expressed 
as below (Tufenkji & Elimelech 2003): 
1J = a110 (8) 
iA fraction of collisions or contact between suspended particles and collectors will result in 
~attachment of particle onto collectors which is represented by attachment efficiency 
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and it is given by (Tufenkji & Elimelech 2003): 
2 de I (c 
a= -l fa-f)Lf!o Il Co) 
Where f = porosity 
L = length of a filter column 
C = Concentration of effluent at the beginning of the experiment 
C
0 
= Concentration of the influent 
de = diameter of the collector 
The above formula can be rearranged to get the single collector removal efficiency: 
2 de l (c 1] = CU/o = ---- n -) 
3 b-f)L Co 
4. MATERIALS AND METHODS 
4.1. Preparation and sonication of nanoparticle solution 
(9) 
(10) 
Preparation and sonication of the nanoparticle stock solution was carried out according to 
the protocol with a nanoparticle concentration of lg/L. The method adopted is given below: 
15 mg of ZnO nanoparticles was weighed in a small plastic weighing container and was 
placed in a 20 mL vial and the container was rinsed with milliQ water to wash away the 
nanoparticles that were attached to it. Then, the solution in the vial was mixed with a clean 
spatula to form a thick solution/paste. The mixing was carried out in a way so that solid-
air interface is completely changed to solid-liquid interface. Then milliQ water was gradually 
added to nanoparticle solution using the clean spatula for mixing. The air flow and water 
flow to the sonicating horn was adjusted to 5-10 bubbles per second and 3-5 revolution per 
second respectively. Similarly, the amplitude was set to 90% and time was adjusted to 12 
minutes. Then the vial containing the solution was placed in a lab jack and immersed in 
water above the sonicating probe. The solution was then de-agglomerated for 12 minutes 
at 90% amplitude. 
4.2. Nanoparticle aggregation experiment and measurements 
The experiment was conducted with two types of nanoparticles which were NM 112 and 
NM 113 by varying the pH (8 and 10) as well as the concentration (2 and 10 mg/L). The 
experiments performed were given below: 
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a. NM 112, 10 mg/L, pH 8 
b. NM 112, 10 mg/L, pH 10 
c. NM 112, 2 mg/L, pH 8 
d. NM 113, 10 mg/L, pH 8 
e. NM 113, 10 mg/L, pH 10 
Four plastic containers with a capacity of 220 mL were used to fill 200 mL of KCl solution 
with different molar concentrations (0.0001, 0.001, 0.01 and 0.1 M). The pH of each solution 
was measured and readjusted to either 8±0.10or10 ±0.10 by using 0.1 N NaOH and 0.1 N 
HCl solutions as required. 
For the first experiment, 2 mL of sonicated ZnO NM 112 solution was placed into each of 
the above KCl"solutions to prepare 10 mg/L of ZnO NM 112 solution. The solution was 
mixed using a magnetic stirrer for 2 minutes. Then about 10 mL of sample was taken from 
each of the container and placed in a 20 mL container for the measurement of size and zeta 
potential. 
The size and zeta potential of the samples were measured in the Zetasizer ZS after 
approximately 1 hour as well as after 24 hour for some of the samples. For the measurement 
of the size, around 1.0 to 1.5 mL of sample was placed in a defined cuvette and placed in 
the Zetasizer and the output was noted. The measurement was done in sequential mode 
from lesser ionic strength to higher strength. 
Similarly, for the measurement of the zeta potential, the sample was injected into the zeta 
potential cuvette and the measurement was made. The measurement was done in sequential 
mode from lesser ionic strength to higher ionic strength. Similar procedure was adopted 
for all other experiments. 
4.3. Tracer experiment 
The column was filled with DI water and then calculated amount of the glass bead was 
placed into the column. The glass beads were cleaned for half an hour by pumping the DI 
water through the column. The flow rate through the column was adjusted by manipulating 
the outlet valve to a velocity of 2m/hr. Then the column was filled up to the overflow 
point with DI water. The pump was started to pump the KCl solution from the container 
~the column. The conductivity of the effluent from the column was measured at 5 minutes 
U\terval from the time the KCl solution was pumped into the column. The measurement of 
COnductivity was continued till the ratio of the conductivity of the effluent to the influent 
leached a value of 0.998 or higher and the time taken for this to occur is considered as the 
lesidence time of the filter setup for the corresponding filtration velocity. 
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4.4. Particle deposition experiment 
Experiments were conducted with NM 112 (at pH 8 and the concentration of 10 mg/L) at 
three different ionic strengths (0.01, 0.05 and 0.10 M of KCl). Initially the column was filled 
with DI water and then calculated amount of the glass bead was placed in the column. The 
height of water displaced was measured for the calculation of porosity. The glass beads 
were cleaned for half an hour by pumping DI water through the column. The required 
amount of sonicated ZnO nanoparticles solution was mixed in 5.5 L solution of O.Ql M 
ionic strength which was prepared earlier to make a lOmg MN 112/L solution and was 
mixed with magnetic stirrer for 2 minutes. 
After cleaning the glass beads for half an hour, the KCl solution with 0.01 M ionic strength 
prepared earlier was passed through the column and pH values were measured until the 
effluent pH reached a steady value. At this stage, the solution with NM 112 nanoparticles 
(lOmg/L) was pumped through the filter column and the time was set to zero. The values 
of the turbidity and head loss were measured for duration of 2 hours at the interval of 5 or 
10 minutes. The above procedure was repeated for NM 1 i2 solutions with 0.05 and 0.01 M 
ionic strengths. Figure 1 shows the experimental setup of the filter column. 
Support fur Plezametr1c tube 
Piezametric lube 
FHl9r Column of pelSpalC 
~Ellluent 
Figure not ta scale 
• Valve 
Inlet pipe 
Experimental Setup for column filtration experiment 
Figure 1: Setup of Deposition Experiments 
ILJ--Influent 
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4.5. Precipitation of ZnO nanoparticles for the disposal 
All the waste solution was collected on containers having capacity of 5 and 10 litres. About 
4 litres of the waste solution was placed in a volumetric flask and a large magnetic stirrer 
was placed in it for stirring the solution. Then the pH probe was immersed in the solution 
and 50% HCl was added little by little till the pH dropped below 2 to ensure that all the 
zinc was in soluble form. A 5 M NaOH solution was added drop by drop to precipitate the 
zinc. As the pH reached approximately 8.6, stirring was turned off and the solution was 
left for 24 hours for the zinc to precipitate. After 24 hours, the supernatant was drained out 
and washed down the drain with plenty of the water. The remaining solution was filtered 
through the what man #1 filter paper to collect the zinc precipitate. The precipitate was 
placed in a sealed container for disposal as hazardous waste. 
5. RESULTS AND DISCUSSION 
5.1. Aggregation study 
Aggregation study was conducted for two types of ZnO nanoparticles. The two types of 
ZnO were NM 112 and NM 113 having crystal size of 21 nm and 27 nm respectively. The 
following particle size readings were made: 
a. at 1 and 24 hour for 10 mg/L ofZnO in KCI solution at pH 8 (NM 112andNM113) 
b. at 1 hour for 2 mg/L of ZnO in KCI solution at pH 8 (NM 112) 
c. at 1 hour for 10 mg/L of ZnO in KCI solution at pH 10 (NM 112 and NM 113). 
The following zeta potential readings were also made: 
a. at 1 hour for 10 mg/L of ZnO in KCI solution at pH 8 (NM 112 and NM 113) 
b. at 1 hour for 2 mg/L of ZnOin KCl solution at pH 8 (NM 112) 
c. at 1 hour for 10 mg/L of ZnO in KCI solution of pH 10 (NM 112 and NM 113). 
5.1.1. ZnO NM 112 (10 mg/L, pH 8) 
The average sizes of ZnO NM 112 in solutions with different ionic strengths are shown in 
Figure 2 (a) (at 1 and 24 hours). The zeta potential (at 1 hour) of the same is shown in 
~igure 2(b). The potential energies in terms of kT (4.llx10-21J) were calculated for different 
IOnic strengths with reference to separation distance using the measured zeta potential 
\'alues and plotted for the primary size of the ZnO MN 112 in a solution at a concentration 
of 10 mg/L (Figure 2(c)). Equations (1), (2) and (3) were used to calculate the electrical 
double layer energy and van der Waals energy. The values adopted for calculations of 
potential energies are given in Table 3. 
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Table 3: Adopted va!ues of different parameters for potential energy computations 
Description Symbol Value Unit Reference -
Permittivity of the vacuum E 8.85E-12 C2 /Jm (Jegatheesan, 1999°i 0 
Dielectric constant of the medium Eat 25° C 78.54 (Jegatheesan, 1999j 
Hamaker Constant Apwp l.9E-20 J (Zhang et al. 200~ 
-Charge Number z 1 
Avogadro's number NA 6.023E+23 no/mole (Jegatheesan, 1999) 
Charge of an electron z l.6E-19 c (Jegatheesan, 1999) 
Boltzmann's Constant k l.38E23 J/K (Jegatheesan, 1999) 
Absolute temperature T 298 K 
The potential energy in terms of kT for different ionic strengths was also calculated using the 
measured zeta potential and plotted for the aggregated sizes of the ZnO NM 112 which is 
shown in Figure 2(d). The comparative graph of the potential energies at a separation distance 
of 2.5 nm between two ZnO particles were also plotted which is shown in Figure 2(e). 
The zeta potential measurements show that zeta potential of the ZnO solution at higher 
ionic strength is closer to the value of zero whereas the zeta potential of ZnO solution of 
the lower ionic strength was increasing in negative direction. Hence it can be said that the 
size of the aggregated particles will be higher at the higher ionic strength. The results of 
the size after approximately 1 hour also show that the size of aggregated particles is higher 
at higher ionic strengths. The size of the particles after 24 hours further indicates the gradual 
increase in the particle size at higher ionic strengths. When the total potential energies 
were calculated with the measured zeta potentials for the primary size of the ZnO particles, 
it was found that the repulsive barriers were higher at lower ionic strengths whereas at the 
higher ionic strengths (0.01and0.1 M) that there were no or very small repulsive barriers. 
Hence it can be said that the ZnO particles would readily aggregate at higher ionic strengths 
than at lower ionic strengths. Similarly the total potential energies with the aggregated 
size showed that increase in the repulsive barrier at the lower ionic strengths whereas 
there was no barrier at higher ionic strengths. Again the comparative potential energies at 
a separation distance of 2.5 nm showed that the repulsive energy would increase at lower 
ionic strengths (0.001 and 0.0001 M). 
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5.1.2. ZnO NM 112 ( 10 mg/L, pH 10) 
The Average sizes and zeta potentials of the ZnO MN 112 in a solution at a concentration 
of 10 mg/Land pH 10 are shown in Figures 3(a) and 3(b ). The potential energies in terms 
of kTat different ionic strengths were calculated and plotted for the primary and aggregated 
sizes of ZnO NM 112 (Figures 3(c) and 3(d)). The comparative graph of the potential energies 
at a separation distance of 2 nm was also plotted which is shown in Figure 3(e). The 
comparison was done at a separation distance of 2 nm as the highest potential energy for 
the primary size was found to be at the separation distance of 2 nm. 
When the total potential energies were calculated utilizing the primary size of the ZnO 
particles, it was found that the repulsive barrier were higher for the lower ionic strength 
and it decreased with the increase in ionic strength and no repulsive barrier was present at 
the ionic strength of 0.1 M. It also showed that ZnO particles would readily aggregate at 
higher ionic strengths than at lower ionic strengths. When potential energies at a separation 
distance of 2 nm were compared, it was seen that the repulsive energy would increase for 
lower ionic strengths (0.0001, 0.001 and 0.01 M) whereas potential energy at higher ionic 
strength (0.1 M) was in the attractive energy region. Hence, again it was evident that the 
aggregation would be low at lower ionic strengths which will gradually increase at higher 
ionic strengths. 
5. 1.3. ZnO NM 112 (2 mg/L, pH 8) 
The Average sizes and zeta potentials of the ZnO NM 112 in a solution at a concentration 
of 2 mg/Lare shown in Figures 4(a) and 4(b). The potential energies in terms of kT at 
different ionic strengths were calculated and plotted for the primary and aggregated sizes 
of the ZnO NM 112 with reference to measured zeta potentials as shown in Figure 4(c) and 
4(d). The comparative graph of the potential energies at a separation distance of 5 nm was 
also plotted and is shown in Figure 4(e). 
From the above investigations it can be concluded that when the ionic strength of the 
solution containing ZnO NM112 particles at concentrations of 2 and 10 mg/L was increased 
from 0.0001 to 0.01 M KCl: 
a. Particle size increased from around 500 to 2000 nm at both pH 8 and 10. Thus, 
concentration and pH did not have significant effects on particle size compared to 
that of ionic strength. Aggregation found to increase with time as well. 
b. However, zeta potential was found to depend on concentration as well as pH. At 
pH 10, zeta potential stayed at negative values well below zero even at higher ionic 
strengths. But at pH 8, the zeta potentials reached closer to zero at higher ionic 
strengths. 
c. Higher concentrations found to increase the aggregation at higher ionic strengths. 
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5.1.4. ZnO NM 113 ( 10 mg/L, pH 8) 
The Average sizes of the ZnO NM 113 in a solution at a concentration of 10 mg/L are 
shown in Figures S(a) for 1and24 hr. The zeta potential values (at 1 hour) are shown in 
Figure S(b). When potential energies in terms of kT for different ionic strengths were 
calculated and plotted for the primary and aggregated sizes of the ZnO NM 113 using the 
measured zeta potential, the outcomes appeared as shown in Figures S(c) and S(d). The 
comparative graph of the potential energies at a separation distance of 2 nm was also 
plotted which is shown in Figure 5(e). 
Again for the ZnO NM 113 (10 mg/L; pH 8), similar results as for other experiments were 
observed. The size of aggregated particles for 0.0001, 0.001 M and 0.01 M were found to be 
in similar range after approximately 1 hour with a significant increase in size at the ionic 
strength of 0.1 M. But the size of the aggregates after 24 hours showed that the size increased 
with the increase in ionic strength. The calculated total potential energies utilizing the 
primary size of the ZnO particles showed that the repulsive barrier was found to be higher 
for the lower ionic strength which decreased with the increase in ionic strength such that 
no repulsive barrier was present for the ionic strength of 0.1 M. The total potential energies 
with the aggregated size showed increase in the repulsive barrier for the lower ionic strength 
whereas there was no barrier at the higher ionic strength of 0.1 Mand the ionic strength of 
O.Ql M showed some repulsive barrier. The comparative potential energies at a separation 
distance of 2 nm showed that the repulsive energy would increase for all ionic strengths 
except O.lM. The trend of the potential energies showed that higher aggregation would 
occur at higher ionic strength. 
5.1.5. ZnO NM 113 ( 10 mg/L, pH 10) 
The average sizes of the ZnO NM 113 in a solution at a concentration of 10 mg/L after 1 
hour are shown in Figure 6(a). The zeta potential values of the same are shown in Figure 
6(b ). The potential energies in terms of kT for different ionic strengths for primary and 
aggregated sizes of the ZnO NM 113 using the measured zeta potential with reference to 
separation distances are shown in Figures 6(c) and 6(d). The comparative graph of the 
potential energies at a separation distance of 1.5 nm was also plotted which is shown in 
Figure 6(e). 
When total potential energies were calculated utilizing the primary size of the ZnO particles, 
it was found that the repulsive barrier was higher at lower ionic strengths compared to 
that of ZnO NM 112 at both pH 8 and 10. Compared to ZnO NM 112, ZnO NM 113 had 
l~rger negative zeta potential values at higher ionic strengths and decreasing the pH to 8 
did not bring the zeta potential values closer to zero. 
It can be seen clearly that both ZnO particles have tendency to aggregate easily when they 
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were at their primary sizes as there was very little repulsive energy barrier to overcorne a 
all ionic strengths studied. However, once aggregated, the repulsive energy barrier becorn~ 
significant to prevent further aggregation at lower ionic strengths. But increase in ionic 
strength overcomes this effect and encourages aggregation. 
5.2. Column Filtration Study 
5.2.1. Tracer Experiment 
Tracer experiment was conducted to find the clean bed removal time with reference to 
breakthrough of the inert tracer for a filter height (L) of 5 cm and an approach velocity (UJ 
of 2 m/hr. Other details for tracer experiment are: diameter of the filter medium de= 0.175 
mm; porosity of the filter bed= 0.34; residence time of the filter setup ( )r time taken for the 
initial removal to occur)= 40 minutes. 
5.2.2. Deposition (filtration column) experiments 
The deposition experiments were conducted with solutions of three different ionic strengths 
(0.01, 0.05 and 0.1 M); the concentration of ZnO NM 112 was 10 mg/ L. The concentrations 
of the influent and the effluent were measured in terms of turbidity. The velocity of the 
flow was maintained at 2 m / hr and the height of the filter column was kept at 5 cm. Figure 
7 shows the removal efficiency of the column at different ionic strengths. 
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Figure 7: removal efficiency of the filter column at different ionic strengths (C and C
0
are the 
turbidity values of the effluent and the influent respectively; 10 mg/L of ZnO NM 112 
solutions at different ionic strengths were used as influent) 
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The results of the deposition experiments show that at an ionic strength of 0.01 M the 
removal of ZnO particles was very less at the beginning but showed some small removal 
at the passage of time; only 5% removal of ZnO was found initially, but with time the 
removal increased to 35% (after 2 hours of filtration). At 0.05 M ionic strength, the initial 
removal was 77% and increased to 85.5% after 2 hours of filtration. At 0.10 M ionic strength, 
the removal after 2 hours was found to be 87.5%. Increasing the ionic strength of the solution 
above 0.05 M did not increase the removal efficiency significantly. 
5.2.3. Surface force calculations 
In deep bed filters, attachment of the particles on to filter grains is affected by various 
surface forces which can be either short or long range. These surface forces were calculated 
and the summati0n of these surface forces were plotted with reference to the separation 
distance conside:ing the aggregated size, which is shown in Figure 8. The graph for the 
primary particles is not plotted as those values were very small and did not change much 
with ionic strength. The calculations were carried out using equations (4), (5), (6) and (7). 
The values adopted are given in Tables 3 and 4. The addition of all these surface forces 
gives the total force Fadd(all) which can be either attractive or repulsive. The attractive force 
will indicate better removal of particles by filter grains. It was assumed that the collector 
surface would be covered by the particles hence zeta potential of the particles was used for 
both surface potential of a ZnO particle as well as a collector. 
Table 4: Adopted values of different parameters for surface force 
computations (Jegatheesan, 1999) 
Description Symbol Value 
Collision diameter a 0.5 
empirical constant Ki 600000 
empirical constant h 0.85 
Unit 
nm 
N/m2 
nm 
The maximum adhesive force at the ionic strength of 0.0001 M was found to be at a 
separation distance of 0.4 nm between a particle and the surface of a collector. At this 
separation distance, summations of all surface forces were computed at all ionic strengths 
(Table 5). 
5.2.4. Initial single collector efficiency 
Initial single collector efficiency was calculated using equations 8, 9 and 10. The results are 
~own in Table 6. 
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Figure 8: Variation in adhesive force with separation distance between a particle and the surface 
of a collector in the presence of short and long range forces (size of aggregated particles 
were used in computations. Negative values of Fadd all indicate net attractive force 
between a particle and the surface of a collector) 
Tables: Comparative adhesive force at a separation distance of 0.4 nm 
Ionic strength(M) 0.0001 0.001 0.01 0.05 0.1 
F add (all) for primary particles (nN) -0.1506 -0.1483 -0.1463 -0.1484 -0.1520 
F add (all) for secondary particles (nN) -4.6511 -4.5457 -9.2082 -12.9474 -19.0053 
Table 6: Initial single collector efficiency 
Ionic Strength (M KCl) Initial Single collector efficiency 
0.01 1.45E-04 
0.05 5.41E-03 
0.1 4.05E-03 
The initial collector efficiency found to increase w ith ionic strength although the increase 
may not be significant at higher ionic strengths. The initial collector efficiency can be used 
to design filter columns to achieve required level of removal of ZnO nanoparticles. 
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. 6. EFFECT OF NATURAL ORGANIC MATERIALS AND TOXICITY IN WASTEWATER 
ZnO nanoparticles can interfere with processes involved in anaerobic digestion at a 
wastewater treatment plant. Solubilisation of sludge particulate organic-carbon, hydrolysis, 
acidification and methanation of sludge are the stages that occur during anaerobic digestion 
of the sludge. Mu & Chen (2011) studied the long-term effects of ZnO nanoparticles on 
these four stages of anaerobic digestion with different dosage of ZnO nanoparticles (0, l, 
30 and 150 mg/ g-TSS); inoculum seeds were obtained from four reactors that were being 
in operation for long-term; it was found that ZnO nanoparticles can greatly affect the 
production· of methane. ZnO nanoparticles can affect the anaerobic digestion process of 
sludge if considerable quantity is present in the waste activated sludge discarded from 
activated sludge aeration unit. It was found that the release of Zn2+ from ZnO nanoparticles 
is the main reason which causes inhibition of the hydrolysis and methanation steps. At the 
lower dosage of 1 mgZnO nanoparticles I g-TSS, inhibition to the methane production was 
not observed. But when dosage was 30 mgZnO nanoparticles I g-TSS, the reduction in 
methane production was observed to be 18.3%. Higher dosage (150 mg of ZnO nanoparticles 
/g-TSS) caused the production to decrease by 75.1%. 
Ge et al. (2011) found that nanoparticles such as ZnO and Ti02 can reduce the microbial 
biomass and can alter the diversity and composition of the bacterial community of the soil 
which can result in the modification of environmentally important soil processes. In another 
study, researchers modelled the environmental concentrations of engineered nano materials 
and found that ZnO nanomaterials could be released through the sewage treatment effluents 
to the environment (Gottschalk et al. 2009). The removal of the ZnO nanomaterials can be 
up to 99.5% in a sewage treatment plant which signifies the release of the ZnO nanoparticles 
to the environment. The model predicted that the concentration of the ZnO nanomaterials 
in sludge treated soil may increase from 6.8 µg/kg in 2008 to 22.3 µg/kg in 2012. 
7. CONCLUSION 
Investigating the fate, mobility and toxicity of nanoparticles is becoming an important 
area of research as the usage and hence the release of nanoparticles to the environment is 
increasing day by day. ZnO is one of those nanoparticles that enters the aqueous 
environment in significant levels and it is essential to find ways to contain its passage in 
the environment. Our preliminary studies on two ZnO nanoparticles (NM 112 and NM 
113) reveal that those nanoparticles have the tendency to agglomerate easily when the 
primary sizes are dissolved in aqueous solutions; higher repulsive energy barriers at lower 
ionic strengths control the size of aggregated particles but higher net attractive potential 
energies at higher ionic strengths (up to 0.10 M KCl) encourage the aggregation with time. 
~creased agglomeration will help to settle ZnO nanoparticles easily; agglomeration at 
higher ionic strengths will also help to capture those particles in filter columns. However, 
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increasing the ionic strength above 0.05 M KCI did not increase the removal of ZnO NM 
112 by the filter column. 
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